This PDF document was made available from www.rti.org as a public service of RTI International. More information about RTI Press can be found at http://www.rti.org/rtipress. RTI International is an independent, nonprofit research organization dedicated to improving the human condition by turning knowledge into practice. The RTI Press mission is to disseminate information about RTI research, analytic tools, and technical expertise to a national and international audience. RTI Press publications are peerreviewed by at least two independent substantive experts and one or more Press editors.
Introduction
Although there is a general consensus that nanotechnology, including the development of engineered nanomaterials (ENMs), should proceed in a responsible and sustainable manner, 1, 2 what this entails has not been clear thus far, particularly for organizations developing and manufacturing ENMs and nano-enabled products. Given this, one recent paper published by authors at the National Institute for Occupational Safety and Health proposed specific criteria for business enterprises and government agencies to follow when developing ENMs and nanotechnology to ensure worker health and safety (text box below). 3 Protecting occupational health and safety is one of the most important aspects of achieving the responsible development of ENMs, especially because workers are often among the first to be potentially exposed to these novel materials. In fact, the nanotechnology industry is expected to employ nearly six million workers in the manufacturing stage of ENM-based products, including 2 million workers in the United States alone, [4] [5] [6] [7] and research within the growing field of nanotoxicology has indicated that some ENMs may have the potential to adversely affect human health. [8] [9] [10] [11] See Appendix A for definitions of "engineered nanomaterials" and "nanotechnology" and their use in a variety of products and applications. Some practices that workers use to further minimize potential exposures and risks include properly disposing of sharps with no capping, not eating and drinking in labs, not using gloves in common areas (e.g., keyboards, faucets), and replacing gloves every 2 hours. These specific actions minimize potential exposures to workers, researchers, and staff and thereby reduce potential risks of handling and dealing with ENMs. Schulte et al. also recommended monitoring worker exposure and health. Although RTI annually provides the opportunity for free health screenings for all staff at their headquarters, this screening is not geared toward workers and staff handling ENMs.
Criteria to guide occupational health and safety of nanotechnology, as proposed by Schulte et al. (2014)
1
Foster the Safe Development of Nanotechnology and the Realization of Societal and Commercial Benefits
As a nonprofit research institution whose mission is to improve the human condition by turning knowledge into practice, RTI aims to promote the safe development of nanotechnology in such a way that leads to societal and commercial benefits. * In fact, the nanotechnology projects listed in Appendix C show how these projects range from development applications with clear societal and commercial benefits (i.e., nanofiber-based volatile organic compound sensors, ceramic nanoparticles for next generation dental composites) 18, 19 to those that focus on better understanding their potential impacts on health and the environment (i.e., Nanomaterial Registry, toxicity laboratory studies involving C 60 , risk analysis and decision support). 20, 21 In these diverse research projects, discussions of the potential hazards, risks, and uncertainties related to ENMs are integrated naturally, and many of the projects funded by US regulatory agencies such as NIH and the Environmental Protection Agency are designed to support a more proactive approach to developing nanotechnologies and ENMs. Finally, by creating an internal health and safety team dedicated to establishing, monitoring, and conducting workplace safety protocols, RTI can document the effectiveness of various safety controls alongside standard workplace practices.
Future Needs and Opportunities
Although RTI uses a wide range of activities to protect worker health when dealing with ENMs and to foster the development of ENMs in a responsible manner, a number of challenges still exist when working with these novel materials. The development and use of emerging technologies and materials often require the continued evolution of exposure and hazard assessment methods and risk analysis frameworks to ensure that these methods and protocols are well suited for new technologies and materials. 22 Moreover, numerous scientists, researchers, and 
Conclusions
Although there has been a general consensus that nanotechnology should be developed responsibly to protect worker safety, Schulte et al. were the first to provide tangible, specific criteria that business enterprises and government organizations could use to help guide nanotechnology development. With these criteria in mind, we evaluated how one multidisciplinary research institute (RTI International) has responded to the challenge of handling ENMs. This evaluation shows that although RTI conducts a wide range of activities to protect workers who use ENMs and fosters the responsible development of ENMs, working with these novel materials still poses a number of challenges, as experienced by other research organizations and often cited in the scientific literature.
In response to these challenges, we identified four critical research needs as being particularly important to ensuring workplace safety: development of 
Definition and Description of Nanomaterials
Although the term "engineered nanomaterial" (ENM) is still debated within the international scientific community, 30 it is generally defined as a material that is designed and engineered at the nanoscale (approx. 1-100 nm) and is considered to exhibit novel characteristics compared with the same materials at larger scales. 26, 31, 32 These novel materials are used in a diverse group of products and applications, such as agriculture, automotive, paints and pigments, cosmetics, energy, food products, medical applications, and sensors to name a few. 33 In fact, the National Science Foundation estimates that by the end of the decade the nanotechnology industry will impact $3 trillion on the global economy. 7
Some of the expected benefits from using ENMs in these applications include stronger, lighter materials; cleaner energy applications; and improved drug delivery. To take advantage of these novel properties, including increased reactiveness, ENMs have already been incorporated into thousands of different products and applications. To date, over 1,600 consumer products on the market contain ENMs as declared by the manufacturer, 34 and it is likely that many more nano-enabled products are available but have not been manufacturer declared. ENMs and nano-enabled products are not just a current reality; they are expected to be vital to emerging and future markets and, thus, are expected to be important to society for decades to come. 1 Although the numerous potential advantages of developing and using ENMs and nano-enabled products are clear, some concerns have also been raised about their potential to cause adverse and unintended effects on worker health and safety and on the environment. For more than a decade, scientists and researchers have explored the potential for these materials to pose risks to humans and the environment, and although research is still in its early stages, the growing body of literature indicates that at least some ENMs may be problematic under certain exposure scenarios. Nanofiber-based volatile organic compound sensors. Using internal and DoD funding, RTI scientists have invented a sensitive, low-cost, real-time chemical sensor based on polymer fibers filled with carbon nanotubes. 18, 19 Potential applications for the sensor include a garment-embedded chemical agent detector for DoD applications and a detector for chlorinated volatile organic compounds (VOCs) in indoor air to better characterize short-term exposure and help identify VOC sources and medical diagnostics.
Ceramic nanoparticles for next-generation dental composites. There has been a major push to eliminate amalgams from clinical use primarily due to environmental disposal concerns. Unfortunately, clinical composite resins do not provide the same mechanical and antimicrobial properties of amalgams, and in many cases they fail prematurely. Therefore, the development of longer-lasting dental resin restorative composites is an urgent public health need. The NIH National Institute of Dental and Craniofacial Research is funding RTI research focused on a better understanding of the interactions of dental resin composites and the surrounding oral environment.
